cases as in Figure 1A . In the presence of RelB, protein synthesis was inhibited when RelE had been preincuExperimental Procedures).
At a RelE concentration four times less than the conbated with initiating ribosomes but not with only mRNA or only ribosomes ( Figure 2B ). These experiments centration of ribosomes that were competent in dipeptide formation (Zavialov et al., 2001 ; Experimental Proceshowed that RelE could inactivate initiated ribosomes but neither free mRNA nor ribosomes lacking mRNA. dures), peptide synthesis from the mRNA with UAG as stop codon was completely blocked by the toxin. With twenty times less RelE than active ribosomes, the rate RelE Inhibits Peptide Release in a Stop Codon of peptide synthesis was reduced to about 10% of the Dependent Way rate of the uninhibited reaction ( Figure 1A ). Since the The observation that RelE inhibited recycling ribosomes concentrations of all translation factors were higher than more strongly when the stop codon was UAG than UAA that of ribosomes, this implies that one RelE molecule ( Figure 1B ) suggested that RelE could impair peptide can inhibit many target molecules in a catalytic mode release. To study this phenomenon further, ribosomes of action.
were initiated with XR7 mRNAs containing either one of Next, we compared RelE inhibition of ribosomal recythe three stop codons. Translation of the mRNAs in the cling with mRNAs containing different stop codons.
absence of release factors and subsequent gel filtration When termination was carried out by the class 1 release to remove translation factors and other small compofactor RF1 and the concentration of RelE was 20% of nents led to three different ribosomal complexes (RCs) that of active ribosomes, the inhibition of protein synthewith tetrapeptidyl-tRNA in the P site and a stop codon sis was very strong with UAG and intermediate with UAA in an otherwise empty A site (Experimental Procedures; as stop codon ( Figure 1B ). This result suggested that Zavialov et al., 2001; . RelE-inhibition of protein synthesis had codon speciIn a first experiment, the three RCs were incubated ficity.
in the presence of a catalytic amount of RelE. After different incubation times, the fraction of tetrapeptides that could be released from peptidyl-tRNA by addition RelE Only Inactivates Ribosomal Complexes that Contain mRNA of RF1 (UAG, UAA) or RF2 (UGA, UAA) in large excess was monitored. The results ( Figure 3A ; RF2 on UAA not When, in our in vitro system, RelE was added together with RelB in excess to recycling ribosomes there was shown) showed that RelE inhibits termination rapidly for UAG, with intermediate rate for UAA (identical results no inhibition of translation. However, when the recycling ribosomes had already been inactivated by RelE, addiwere obtained when termination was carried out by RF1 and RF2) and very slowly for UGA codons. To quantify tion of RelB alone or together with either fresh mRNA or fresh ribosomes did not restore protein synthesis. It the inhibition of termination by RelE, another set of experiments was performed on the RCs. Here, each of the was only when RelB was added together with both fresh mRNA and fresh ribosomes that tetrapeptide synthesis three RCs was exposed to varying concentrations of RelE during 1 min before a large excess of either RF1 was resumed (Figure 2A ). This indicated that the target for RelE was either the ribosome, its mRNA, or both.
(stop codons UAG or UAA) or RF2 (stop codon UGA) was added and the fraction, r P , of releasable peptide In a different type of recycling experiments, RelE was first preincubated 10 min with free mRNA, with free ribomonitored ( Figure 3B ). When the logarithm of r P was plotted against the concentration of RelE in the incubasomes without translation factors or, finally, with ribosomes, mRNA, and all factors necessary for initiation tion mixture, straight lines were obtained for all three stop codons in the RCs ( Figure 3C ). The slopes of the of protein synthesis. Then, all complementary factors required for ribosomal recycling were in each of the lines showed that RelE inhibited termination at UAG ten times faster than at UAA and a thousand times faster three cases added in the absence or presence of an excess amount of RelB. In the absence of RelB, protein than at UGA (Figure 3C, insert) . Peptide release by transfer to the antibiotic puromycin was not inhibited by RelE synthesis was strongly and equally inhibited in all three The translation factors that were used to construct the RC contained an exonuclease activity that removed the heterogeneous polyA tail of the XR7 mRNAs before gel filtration (compare lanes 3-10 with lanes 11-16). This activity disappeared completely in the gel filtration step and did not interfere with the study of the endonucleolytic activity of RelE.
RelE Cleaves mRNAs Bound to Ribosomes in a Codon Specific Manner
The codon specificity of RelE cleavage of mRNAs was studied more systematically with RCs programmed with twenty-one mRNAs of XR7 type, which were identical except for the fifth codon of their ORFs. This was either one of the three stop codons or a sense codon that can be reached from anyone of the stop codons by a single mutation (Freistroffer et al., 2000) . These RCs with the fifth codon of the mRNA in the A site were gel purified and aliquots of each complex were incubated during a fixed time with different concentrations of RelE. The Figures 3C and 5B are very similar which ergy parameters. Its physical rationale is that k cat /K m is determined by the standard free energy difference allowed us to interpret the termination assay in Figure  3C as follows. When the mRNA is cut, the class 1 RFs between RelE in activated complex with a ribosome and a ground state with free RelE and ribosome (Experimencannot bind to the ribosome, which inhibits termination. Puromycin, which interacts with the 50S subunit more tal Procedures; Table 1A ; Figure 5C ). than 70 Å away from the codon in the A site of the 30S subunit, is unaffected by the disrupted stop codon.
Rescue of Protein Synthesis after Exposure to RelE
We knew from the results in Figure 2A that recycling The k cat /K m values for RelE dependent cleavage of sense codons could be estimated for thirteen of the ribosomes that had been inhibited by RelE could not be rescued by addition of mRNA together with RelB in eighteen codons tested, while the cleavage rates were below the detection limit for the other five. The measured excess over RelE. One requirement for rescue is that k cat /K m values for the stop and sense codons are given in Table 1B . There is a marked codon dependence of (Tables 1A and 1B) . Our results show that mRNA cleavage can occur in the ribosomal E site after Both the rate of recycling and the degree of inhibition by RelE were similar for ribosomes programmed with release of the peptide from peptidyl-tRNA in the P site and that mRNA bound to the free 30S subunit can be barI and XR7 mRNA ( Figure 1A) .
In the rescue experiment, the ribosomes were synthedegraded by RelE (Figure 4) . sizing fMet-Ile in the presence of RelE exactly as in Figure 6A during Figure 6B ). These data with a peptidyl-tRNA in the P site and a disrupted codon suggested that RRF and EF-G can promote ribosome in the A site split into subunits and reinitiate. However, splitting into subunits also when the A site codon is peptide release by RFs cannot occur with disrupted stop degraded and demonstrated that removal of the peptide codons ( Figure 3 ) and ribosome splitting by RRF and from P site bound peptidyl-tRNA can lead to ribosome EF-G requires a deacylated tRNA in the P site (Karimi rescue in the presence of RelB and new mRNAs. et al., 1999). The results in Figure 6B show that addition of RelB and intact mRNA to ribosomes inhibited by RelE can rescue protein synthesis, provided that the peptide Discussion is removed from peptidyl-tRNA by transfer to the antibiotic puromycin. Therefore, recycling of ribosomes back The Mechanism by which RelE Inhibits Bacterial Protein Synthesis to initiation by RRF and EF-G can be carried out after peptide release even when the codon in the A site has The chromosomally expressed E. coli toxin RelE inhibits protein synthesis by truncating ribosome bound, but not been disrupted. 
Ribonucleolytic Inhibitors of Protein Synthesis al., 2001). Here, it has been established that RelE cleaves mRNAs in the ribosomal A site with high specificity (TaOther Than RelE
RelE is one of several toxins with ribonuclease activity bles 1A and 1B), in the E site after peptide release and also on free 30S subunits (Figure 4 ). that inhibit protein synthesis but its codon specific cleavage of mRNA makes it special. However, the proThe fact that RelE cleaves mRNAs in the A site of the ribosome suggests a functional link between the toxin phage P1 phd-doc and E. coli chromosomal mazEF 
RelE would be misleading since its effects would then
The alkali ladder was prepared just before gel loading by incubation be beneficial, rather than harmful, for the cell. 
